Introduction
Marine ecosystems are under increasing anthropogenic pressures from marine and terrestrial activities [Halpern et al., 2007 [Halpern et al., , 2008 . Thirty-eight categories of drivers of change have thus been developed ranging from river discharges to climate change. Assessing and prioritizing these different drivers is a difficult task due to the sparsity of data over vast regions of the ocean. This is particularly true in the open ocean where the main cause of change is the maritime traffic. Indeed, shipping can affect even very remote locations and be the major source of anthrogenic ecological pressure in these regions via fuel leaks, oil discharge, waste disposal, etc. [Halpern et al., 2008] . Although the international maritime trade is well known through the general shipping lanes and economic statistics provided, for example, by the United Nations Conference on Trade and Development (UNCTAD, http://unctadstat.unctad.org/), there is a lack of knowledge in the actual global distribution of the ships, i.e., vessel density, and its evolution over time due to economics or other causes (including piracy).
Vessel density maps provide quantitative measure of global ship traffic allowing for improved understanding of economics trade trends as well as giving insight to the ecological pressures associated with shipping in the open ocean. Ships are powered by fossil fuel creating the main source of air pollution in the open ocean [Richter et al., 2004; de Ruyter de Wildt et al., 2012] . Precise vessel density maps could be used to improve the modeling of air pollutants over sea and their trends in atmospheric chemistry general circulation models [Franke et al., 2009; Vinken et al., 2014] . Ships are also one of the major sources of noise in the ocean [Chapman and Price, 2011; McKenna et al., 2012] with potential threat to marine animals that depend on sound for myriad ecological functions or the possibility of sound detection of icebergs cracks [Dziak et al., 2013] .
The main challenge in creating a global vessel density map is the capability of detecting ships in any region of the globe. Terrestrial Automatic Identification System (AIS) is really efficient to monitor the ship traffic in coastal regions but up to now the satellite-based AIS because the satellite coverage that was not dense enough did not provide a good coverage of the open ocean [Luxspace, 2008] .
In a recent study , Tournadre [2007] demonstrated that any target emerging from the sea could have a detectable signature in the noise part (i.e., the portion of the echo waveform above the sea) of highresolution satellite altimeter waveforms. This detection capability was also used to estimate the distribution of small icebergs in the Southern Ocean on a monthly basis [Tournadre et al., 2012] . The detection algorithm can also be used to detect ships in the world ocean. The archive from seven past and present satellite altimeter missions has been processed to create a global database of ships covering two decades and to estimate the annual vessel density over the global ocean. TOURNADRE ©2014. American Geophysical Union. All Rights Reserved.
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The first section of the present paper presents the data used and describes the method of detection and the computation of the vessel density. The results are analyzed in the second section in terms of evolution of the ship traffic for the past two decades, and an example of the impact of traffic on the atmosphere is also presented.
Method of Detection and Data

Detection Method
The detection method, presented in detail by Tournadre et al. [2008] is here only summarized. An altimeter is a nadir-looking radar that emits short pulses that are backscattered by the sea surface. The altimeter measures the backscattered power as a function of time to construct the echo waveform from which the geophysical parameters are estimated. A detailed description of the principles of altimetry is given, for example, in Chelton et al. [2001] .
A point target of height above sea level located at distance d from the satellite nadir will give an echo in an altimeter waveform at the time t 0 defined by Powell et al. [1993] 
where c is the speed of light, a the Earth's radius, H the satellite altitude, and H ′′ = H∕(1 + H∕a) is the reduced satellite height. The echo waveform of a point target is thus purely deterministic, i.e., a parabola as a function of time when the satellite flies over the target.
A ship is detectable in echo waveforms when its echo time, t 0 , lies within the time range during which the echo waveform is integrated and when its backscatter coefficient is significantly larger than the thermal noise of the sensor. For Jason-1 altimeter, this noise, estimated over more than 10 million waveforms has a mean value −8.5 dB with a standard deviation of 1.3 dB. The backscatter of a ship has to be larger than −4.6 dB to be detectable at a 3 standard deviation level [Tournadre et al., 2008] .
A signature of ship is always characterized by the parabolic shape defined by (1). The automated detection is based on the analysis of the convolution product C between a filter, F characteristic of a ship signature, and the thermal noise part of the waveforms.
where k is the telemetry sample index, l the waveform index, and 0 the echo power. For each waveform of the detected parabola, the maximum of correlation C(l) and its location k C max (l) (i.e., the range) and the maximum of backscatter, max (l), and its location k max (l) are determined. A waveform is assumed to contain a ship signature if C max (l) and max (l) are larger than given thresholds C 1 and 1 determined empirically by analysis of hundreds of signatures.
Vessel Density Maps
The archives of past and present altimeter missions are analyzed to produce a vessel database containing the time, latitude, longitude, range, and backscatter of all the detected ships. As the number of altimeter data available on a regular grid increases poleward because of the inclination of satellite orbits, the number of detected ships is biased toward larger values at higher latitude. To get a homogeneous distribution, the probability of presence of ships is considered rather than the raw number of detections. This probability P of presence is simply the ratio of the number N of ships detected within a grid cell (i, j) by the number N s of valid altimeter samples within the same grid cell during the same observation period, t,
The probability in vessel/km 2 is the ratio of the probability P by the area A SW of the altimeter footprint.
The vessel density per grid cell is given by where S(i, j) is the area of grid cell (i, j) . The coefficient is a normalization coefficient set to obtain a global number of ships of 62,000 in 2009 [Luxspace, 2008] .
The area of the altimeter footprint for the detection of vessel of 20 m mean deck height A SW is the product of the altimeter along-track resolution and the range of distance from nadir over which a vessel can be detected. Using the relationship between the time of the echo, the distance from nadir, and the elevation of a target emerging from the sea given by Tournadre et al. [2008] , the range of detection d of a ship is given by
where is the ship height and t 0 and t 1 are the time limits of the usable range of the noise part of the waveform. For Jason-1 and = 15 m, H = 1340 km and t 0 =−32 × 3.125 ns and t 1 =−5 × 3.125 ns, then 6.3 km > d > 3.3 km; thus, A SW ≃ 5.8 × 3. × 2 km 2 , where the factor 2 accounts for the left-right ambiguity of the detection.
Altimeter Data
The detection is based on the analysis of high-resolution waveforms from satellite-borne altimeters provided in the Sensor Geophysical Data Records of seven altimeters, i.e., ERS-1, Topex, ERS-2, Envisat, Jason-1, Jason-2, and Cryosat. For dual frequency altimeters such as Jason-1 or Envisat, the detection has been conducted on the Ku band waveforms only. Table 1 summarizes the main characteristics of the different altimeters: the lifetime of the satellite, the altitude and inclination of the orbit, the antenna beam width, the signal frequency, the number of telemetry bins of the waveform, the nominal track point, the bin width and the waveform frequency, and the repeat period of the orbit (i.e., the time interval after which the satellite repeats its path).
Merging the Different Altimeters
As seven altimeters with different characteristics, sensitivity and noise levels are used; it is necessary to intercalibrate the seven vessel densities to create a homogeneous time series. This is done by adjusting the global number of ships for the overlapping period between an altimeter and Jason-1 (chosen because it has the longest lifetime). For ERS-1 that ended before the Jason-1 launch, the intercalibration is conducted versus ERS-2 that has the same orbit and sensor characteristics. After intercalibration, the vessel densities are merged to produce a homogeneous time series. The merged product is obtained by a weighted sum of the individual products
where the weights C k are given by 
Ship Traffic From 1992 to 2012
More than 300,000 signatures were detected. Figure 1a that presents the number of detected ships, a 1 × 1
• grid shows that the shipping lanes are well reproduced. Fixed targets corresponding to small islands, oil rigs, and lighthouses were detected in the data set and were screened using the database provided by National Center for the Ecological Analysis and Synthesis (available at http:// www.nceas.ucsb.edu/globalmarine/ impacts) [Halpern et al., 2008] . Finally, icebergs were eliminated by using the extreme limit of icebergs [Tournadre et al., 2012] . The number of ships detected by each altimeter is given in Table 2 .
Ship Density
Altimeters are nadir-looking radar resulting in quite narrow swath (∼30 km) ( coverage of the ocean does not allow to estimate the vessel density over short periods of time. This is particularly true for shipping lanes where traffic is low. To have enough ship detections, the vessel density is computed on an annual basis over a regular 1 • × 2 • latitude-longitude grid for each altimeter. Figure 1b presents the mean global ship density (N(t) = ∑ i ∑ j N V (i, j, t)) estimated for each altimeter between 1992 and 2012.
The vessel densities are intercalibrated using the method of section 2.4. The coefficients of calibration are given in Table 2 . Figure 1b and the calibration coefficients show that ERS-1, ERS-2, and Jason-1 have very similar detection capabilities. Envisat and Cryosat having a lower noise level and a better sensitivity detect significantly more ships than Jason-1 while Jason-2 has a lower detection capability. For Topex, starting in 1996, the aging of the instrument degraded the performance of the sensor and lead to an increase in the noise level of the waveforms that also slowly degraded the performances of the ship detection. In 1999, the switch to the backup TOPEX (side B) instrument was made. Because of the large noise level between 1996 and 1999, the Topex data cannot be used for ship detection and are eliminated from the database. As the Topex altimeter operated at a lower rate (10 Hz) than the other ones, it detects significantly fewer ships. The performances of the other sensors have been monitored, and the noise level did not significantly change during their lifetime.
The calibration ensures a good agreement between the seven estimates as it can be seen in Figure 1c , which presents the calibrated annual numbers of ships. These calibrated numbers are then used to compute the merged vessel density over the 20 year period using relation (7). The mean merged vessel density is presented in Figure 2a. 
Validation
The vessel density is compared to the PastaMare project one (available at https://webgate.ec.europa.eu/maritimeforum/node/1603) for the October 2009 to February 2010 period. The PastaMare project uses AIS from both space-borne and terrestrial sensors to estimate the density in an approach similar to the altimeter ones. The Altimeter and PastaMare densities are presented in Figures 2b  and 2c . Although the period considered is only 4 months long, the two densities are in good agreement. As expected, the lanes with little traffic are not very well represented in the altimeter density, but they contribute little to the global traffic. The PastaMare density appears to underestimate the traffic in the South China and Chinese seas maybe for technical reasons related to the AIS system. The bidimensional histogram of the two vessel densities shown in Figure 2d confirms the good overall agreement and shows that the altimeter data give comparable results to the AIS systems. Figures 3a and 3b present the evolution of the ship density between 1992 and 2012 for the global ocean and the four ocean basins defined in Figure 4a . Between 1992 and 2002, the maritime traffic grew by 60% at a rather constant rate of about 6% yr −1 . After 2002 the growth steadily accelerates from 6% yr −1 to more than 10% yr −1 in 2011 with the exception of 2008-2009 when the traffic remains almost constant due to the economic crisis. In two decades, the global growth is fourfold (Figure 3b ) and is even larger in the Indian and Pacific Oceans where the growth accelerates since 2008. On the other hand, the growth is reduced after 2008 in the Atlantic Ocean and the Mediterranean Sea.
Evolution of the Ship Traffic
The comparison with the UNCTAD international World annual seaborne trade and the dead weight of the world merchant fleet (Figure 3c) shows that the evolution of the ship traffic reflects both the growth of the international sea trade and the increase of the merchant fleet. However, the traffic, i.e., the average number of ship present at sea, appears to grow faster than the commerce and fleet since 2009. This can result for an increase of charters with less cargo and/or "slow steaming" and/or a higher ship detection probability resulting from the increase of the mean ship size [Rodrigue et al., 2013] . Indeed, larger ships have a stronger radar backscatter and thus more easily detectable in the noise part of the altimeter waveforms. This can introduce a positive bias in the recent year. The mean annual backscatter of the detected ships remains quite stable for 1992-2005, and it steadily grows after 2005 reflecting an increase in the mean size of the detected ships that contributes to the increase of the ship traffic (Figure 3d ). The observed growth might thus reflect both the growth of traffic and the better detection of vessels.
The difference (in percent) of vessel density between the 1993-2002 and 2003-2012 decades presented in Figure 4b shows that the traffic grows in all ocean basins except near the coast of Somalia where the development of piracy since 2006 almost completely halted commercial shipping. The growth is largest in the Indian Ocean especially in the Arabian Sea and the Bay of Bengal where the world's busiest lanes are concentrated. The pressure from ship traffic in these regions grows by more than 300% between the two decades. The growth is also important in the Chinese seas and in the west Pacific Seas reflecting the growing importance of the Asian trade while it is weaker, but still of the order of 100 to 200%, in the other basins with certainly larger impacts in closed seas, more sensitive to anthropogenic pressure such as the Mediterranean and Black Seas. TOURNADRE ©2014. American Geophysical Union. All Rights Reserved.
Impact on the Atmosphere
The vessel traffic is demonstrated to dramatically increase in the Indian Ocean especially on very well defined shipping lane like the Red Sea-Arabian Gulf-Asia one or the Asia-Cape Town route. Exhausts from ship engines are one of the main sources of air pollution in open ocean. The growth of traffic has a direct impact on the quantity of air pollutants that are easily detected in the variation of the mean total columnar amount of tropospheric nitrogen oxides (NO x ) between 1997-2003 and 2004-2010 from the GOME and SCIAMACHY monthly mean field [Boersma et al., 2004] presented in Figure 4c . The increase of NO 2 associated with the ship traffic growth is especially strong along the Sri Lanka-Sumatra-China lane where the columnar amount grows by more than 50% . In the Arabian Sea the increase in pollution is more difficult to identify due to a general decreasing trend of NO 2 , but the shipping lanes can still be identified as zone where the decrease is significantly lower.
Conclusion
In the open ocean, shipping is one of the major drivers (and in some regions the only one) of change with direct impact to the marine environment. Although the systems of ship identification and tracking have greatly improved in the recent years, it is still difficult to ascertain the distribution of traffic over the global ocean and its evolution. The development of new analysis techniques using high-resolution altimeter waveforms allows the detection of target (e.g., icebergs, lighthouses, and ships) emerging from the sea and the estimate of vessel density. Because of the limited swath of altimeter, the vessel density maps are estimated on an annual basis. The archive from seven past and present altimeter missions covers more than 20 years which allows a meaningful analysis in the growth and the pressure from the shipping industry to the ocean. Despite the complex altimeter sampling patterns and their small swaths, the altimeter vessel density compares very well with those obtained from AIS reports and compliments the other sources of data by its independent means of acquisition.
The analysis of the global ship density shows the dramatic fourfold increase of traffic between the early 1990s and present; even the 2008 economic crisis failed to slow down the trend. The only region that has a decline of traffic is located near Somalia and is related to piracy starting in [2006] [2007] . The distribution of the growth over the different ocean basins reflects the redistribution of the international trade with the largest growth in the Indian Ocean and the Western Pacific Seas. The traffic increase in the northern Atlantic and Pacific is somewhat more moderate but still between twofold and threefold. Enclosed seas such as the Mediterranean and the Black Seas that are certainly more sensitive to human factors are also under growing pressures.
